Background: Induced hypertension has been used to promote cerebral blood flow under vasospastic conditions although there is no randomised clinical trial to support its use. We sought to mathematically model the effects of vasospasm on the cerebral blood flow and the effects of induced hypertension. Methods: The Anatomically Detailed Arterial Network (ADAN) model is employed as the anatomical substrate in which the cerebral blood flow is simulated as part of the simulation of the whole body arterial circulation. The pressure drop across the spastic vessel is modelled by inserting a specific constriction model within the corresponding vessel in the ADAN model. We altered the degree of vasospasm, the length of the vasospastic segment, the location of the vasospasm, the pressure (baseline mean arterial pressure [MAP] 90 mm Hg, hypertension MAP 120 mm Hg, hypotension), and the presence of collateral supply. Results: Larger decreases in cerebral flow were seen for diffuse spasm and more severe vasospasm. The presence of collateral supply could maintain cerebral blood flow, but only if the vasospasm did not occur distal to the collateral. Induced hypertension caused an increase in blood flow in all scenarios, but did not normalise blood flow even in the presence of moderate vasospasm (30%). Hypertension in the presence of a complete circle of Willis had a marginally greater effect on the blood flow, but did not normalise flow. Conclusion: Under vasospastic condition, cerebral blood flow varies considerably. Hypertension can raise the blood flow, but it is unable to restore cerebral blood flow to baseline.
Introduction
Cerebral vasospasm and delayed cerebral ischaemia are the principal causes of the poor outcome in patients admitted to tertiary care centres with acute subarachnoid haemorrhage. Although numerous treatment paradigms have been tried, a major breakthrough is yet to be discovered. For approximately 30 years, triple-H therapy -hypertension, hypervolaemia, and haemodilution -has been used with the hope of improving cerebral perfusion [1] . These changes seek to alter various components of Poiseuille's law to improve flow through the arterial system and increase cerebral perfusion. However, this treatment is not supported by randomised controlled trials, and there is a risk of complications and side effects. Of the three different components of the treatment, induced hypertension appears to be the only component that is successful in increasing cerebral perfusion [2] .
We sought to model the effects of varying degrees of vasospasm on the distal cerebral arteriolar pressure and the effect of induced hypertension. In addition, we also analysed the differing effect of focal and diffuse spasm as well as the effect of the circle of Willis (CoW).
Materials and Methods

Circulation Model
The Anatomically Detailed Arterial Network (ADAN) model is employed as the anatomical substrate in which the cerebral blood flow is simulated as part of the simulation of the whole body arterial circulation [3, 4] . The ADAN model represents an average arterial vasculature of a male subject and includes over 2,200 arterial vessels, supplying blood to 28 specific organs (brain, liver, etc.) and 116 distributed vascular territories (skin, muscles, etc.).
Importantly, since our goal is to analyse the impact of vasospasms on the cerebral circulation, the anatomy of the CoW is a major determinant of blood distribution to the brain. This is why we consider two different scenarios in this work: (1) A complete CoW with both anterior and posterior communicating arteries. (2) An incomplete CoW with neither anterior nor ipsilateral posterior communicating arteries.
The ADAN model employed represents a patient-generic scenario in which conditions can be computationally simulated with the aim of gaining insight into the outcomes of the location and severity of vasospasms in the cerebral circulation.
Mathematical Model
Blood flow is modelled using a one-dimensional version of the Navier-Stokes equations to describe the flow of an incompressible Newtonian fluid in compliant vessels. In a single-vessel model, this amounts to solve the following set of non-linear partial differential equations, which stand for the conservation of mass and momentum:
where Q is the flow rate, A is the lumen area, P is the blood pressure described in the space-time domain (t, x) ∈ (0, T) × (0, L) defined by the vessel length L and by the cardiac period T. In the system (1) to (2), parameters ρ and μ are blood density and viscosity, respectively. In addition, the hypothesis of a Poiseuille velocity profile has been assumed to account for the viscous dissipation.
In order to relate the blood pressure to the lumen area, we consider the following constitutive equation:
with R, A = πR 2 (R o , A o being reference values of the vessel radius and area, respectively, at the reference pressure P o = 1 × 10 5 dyn/cm 2 ). In equation 3, h is the arterial wall thickness, and E E and E C are effective stiffness moduli for the elastin and collagen components, respectively. Finally, ε o and ε r account for the fibre recruitment through the localisation and width of the distribution of the fibre strain activation. When connecting vessels to form a network, junctions are created at which the following coupling conditions are considered:
with N T the number of arterial segments converging at the junction. Since the model is truncated at a certain arterial generation, the remaining downstream vasculature is incorporated through the following lumped parameter models:
where P T is a reference terminal pressure, C is the peripheral compliance, and R A and R B are resistive elements which represent the viscous resistance in the peripheral beds.
The system of equations formed by (1) to (6) is numerically solved using the methodology described by Müller et al. [5] . To guarantee a periodic state, ten cardiac cycles are simulated in each case. The parameters in the ADAN model are calibrated according to the criteria proposed by Blanco et al. [3] . Blood flow is documented as mL/min and pressure as mm Hg.
Spastic Scenarios
The vasospasm of a given vessel is modelled by introducing a constriction in the vessel. The pressure drop across the spastic vessel is modelled by inserting a specific constriction model within the corresponding vessel in the ADAN model. This model, which has exhaustively been employed in modelling the blood flow through constricted vessels [6] [7] [8] [9] , relates the pressure drop across the constriction with the flow rate through the vessel as follows [10] :
where U = Q | A is the blood velocity, L s represents the spastic extension length, A s is the minimum area in the spastic vessel, and K v , K t , and K u are parameters to characterise the pressure drop due to viscous dissipation, turbulence, and inertial effects [10] . In this work we considered spastic scenarios of two kinds, focal and distributed, more specifically: (1) focal spasm assumed to have a length of 10 mm -chosen so as to limit the stenosis to a single arterial segment, e.g., only M1; (2) distributed spasm assumed to have a length of 30 mm -chosen to affect a length of artery greater than an individual segment, e.g., M1 and M2.
We selected varying degrees of vasospasm to determine the effects that this would have on flow in the distal vessels. For each spastic segment we chose a reduction in the diameter of the vessel of 30, 50, and 70% in keeping with moderate, severe, and critical vasospastic conditions. We chose to model vasospasm unilaterally in the left internal carotid artery (ICA), the left middle cerebral artery (MCA), and both. We chose not to model vasospasm in the anterior cerebral artery (ACA) in order to limit the number the potential variables and to observe the effects of vasospasm in the ICA and MCA on the flow in the ACA. The baseline modelling assumptions described above were performed at a mean arterial pressure (MAP) of 90 mm Hg. In order to determine the effect of induced hypertension on the flow, we repeated the simulations with an MAP of 120 mm Hg. This was achieved by increasing peripheral arterial resistance in the entire model. We also modelled the effects of hypotension with an MAP of 73 mm Hg.
Thus, the combination of the anatomical variations of the CoW (complete or incomplete), with the possibility of developing focal and distributed vasospasm as well as the chance of vasospasm occurring in different vessels and the arterial pressure levels, resulted in a battery of 180 simulation scenarios.
The model predictions were analysed using a baseline model reference solution. This reference solution was obtained simulating the blood flow in the ADAN model in its original state, i.e., with a complete CoW, with no vasospasm, and with an MAP of 90 mm Hg.
Results
Using the various parameters described above, we analysed the changes in blood flow along the whole cerebral vasculature. The results of the changes in the anterior circulation are summarised in Table 1 . 
Effect of Vasospasm Severity
The changes in flow distal to the vasospasm were related to the degree of vasospasm, with the largest drops in flow seen in cases of the most severe vasospasm. For example, flow in the MCA dropped by 17% in response to a focal 30% reduction in the diameter of the M1 segment, whereas it dropped by over 83.6% when the degree of vasospasm increased to 70%.
Focal versus Diffuse Spasm
Larger decreases in cerebral flow were seen for diffuse spasm relative to focal spasm (Fig. 1) . For example, with 50% narrowing of the MCA, the flow was 70.5% of normal when the spasm was focal; however, the flow was only 56.1% of normal if the spasm was diffuse within the MCA. This greater decrease in flow associated with diffuse spasm compared to focal spasm was also seen for the ICA. Furthermore, if diffuse vasospasm was present in two connected arteries, there was a greater reduction in cerebral blood flow than if there was focal and diffuse vasospasm. For example, focal 70% ICA spasm and diffuse 50% spasm resulted in a 50.8% decrease in blood flow in the MCA territory; however, diffuse 70% ICA stenosis and diffuse 50% MCA stenosis resulted in an 80.7% decrease in blood flow.
Complete versus Incomplete CoW
The presence of a complete CoW maintained blood flow in the ACA at near normal levels despite the presence of severe vasospasm affecting the ICA. For example, in the presence of diffuse 70% stenosis of the ICA there was an 11% reduction in blood flow, whereas there was a 71.5% drop in blood flow when the CoW was incomplete. Similarly, flow in the MCA was well maintained in the presence of ICA vasospasm if there was a complete CoW (Fig. 2) . However, the presence of a complete CoW did not affect blood flow when the vasospasm occurred only distal to the anterior and posterior communicating arteries. For example, diffuse 50% vasospasm of the MCA resulted in a 43.9% drop in blood flow in both the presence and absence of a complete CoW (Fig. 3) . In the presence of vasospasm affecting vessels proximal and distal to the anterior and posterior communicating arteries, there was a greater drop in blood flow in the absence of a complete CoW (Fig. 4) . For example, in the scenario with diffuse 50% vasospasm of the ICA and diffuse 30% vasospasm of the MCA, flow dropped by 45.1% in the incomplete CoW, but fell by only 24.2% if there was a complete CoW.
Effect of Hypertension
Induced hypertension (MAP 120 mm Hg) caused an increase in blood flow in all scenarios (Fig. 2-6 ). However, it did not result in a normalisation of blood flow distal to the vasospasm even in the presence of moderate vasospasm (30%). Hypertension in the presence of a In the presence of diffuse vasospasm affecting both the ICA and MCA, there are decreases in the blood flow in the MCA, and hypertension, whilst causing a slight increase in the flow supply, is unable to restore it to normal. The largest flow reduction is observed in cases involving long segment disease of the worst severity and in the case of an incomplete CoW. In the presence of a complete CoW, the flow is related principally to the vasospasm within the MCA, being less sensitive to the vasospasm occurring in the ICA. CoW, circle of Willis; d, distributed spasm; Hype, hypertension; ICA, internal carotid artery; L, left vessel; MCA, middle cerebral artery.
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Color version available online complete CoW had a marginally greater effect on the blood flow, but this did not allow normalisation of the blood flow. For example, with diffuse 70% ICA vasospasm and an incomplete CoW, there was a decrease in flow in the MCA by 64.1%, which was marginally improved after hypertension (56.6%). However, with a complete CoW, there was a reduction in blood flow of only 11.8%, with only a 8.6% decrease in flow after induced hypertension.
Effect of Hypotension
Hypotension can occur in patients undergoing treatment with vasodilators such as nimodipine. Hypotension, even at a relatively mild MAP of 73 mm Hg, caused marked drops in flow rate that were exacerbated by an incomplete CoW and compounded the drops in flow rate seen within more severe and more diffuse vasospasm. For example, the flow rate in normotensive patients with a 50% focal stenosis of the MCA and incomplete CoW was 72.3% of normal compared to 64.4% in hypotensive conditions. With a complete CoW, flow was better preserved at 82.5% of normal under hypotensive conditions. Flow was severely reduced in cases of severe vasospasm and concomitant hypotension (6.9% with an incomplete CoW).
The full results are shown in Table 1 .
Flow Changes in Non-Spastic Vessels
Blood flow in non-spastic arteries increased in relation to vasospasm in adjacent connected arteries (Fig. 5) . As a result of a steal phenomenon, blood flow in the ACA increased in the presence of MCA vasospasm, and there was a marginally greater increase in the flow in relation to diffuse vasospasm compared to focal vasospasm. For example, blood flow in the ACA increased by 2.9% in the presence of focal 70% MCA vasospasm and by 3.2% in the presence of diffuse 70% MCA vasospasm. Flow in the ACA is dependent upon the anterior communicating artery. Vasospasm in the ipsilateral ICA with an incomplete CoW results in pronounced drops in blood flow (Fig. 6 ).
Discussion
Our results show that flow changes in the cerebral circulation are altered by a variety of factors, including the degree of vasospasm, the length of the affected segment(s), and the presence of collateral circulation via a complete CoW. Furthermore, vasospasm in certain territories can result in an increased blood flow in unaffected arterial territories and that hypertension can improve cerebral blood flow, but the effect of hypertension is very variable and dependent upon the above-mentioned factors. These factors are not routinely assessed when determining which patients may benefit from induced hypertension.
The results of our study have important clinical consequences. Induced hypertension has been routinely used to treat patients with symptomatic vasospasm in the hope that it will improve cerebral perfusion and prevent cerebral ischaemia and infarction. However, the available clinical evidence is inconclusive as to whether induced hypertension does improve cerebral perfusion. Gathier et al. [11] assessed cerebral perfusion in patients treated with induced hypertension after acute subarachnoid haemorrhage. They showed, using CT perfusion, that despite a rise in the MAP of 12 mm Hg, there was no statistically significant change in the cerebral perfusion between patients with induced hypertension and those in a control group who did not undergo hypertensive treatment. However, Engquist et al. [12] showed, using xenon CT perfusion imaging, that triple-H therapy did improve cerebral perfusion, particularly in those areas with the most severe perfusion deficits. Similarly, there was a reduction in the proportion of the area of cerebral perfusion < 20 mL/100 g/min compared to pretreatment perfusion scans. Although there was a small elevation in the systolic blood pressure after triple-H therapy had been begun, this was not significant. Given this non-significant increase in the systolic blood pressure, the authors suggest that the hypervolaemia and reduced haematocrit may have had a greater contribution to the increased cerebral perfusion. Numerous studies have been published documenting the use of induced hypertension in patients with symptomatic vasospasm [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , with symptomatic improvement seen in approximately 70-80% of patients. However, until recently there have been no randomised trials to determine the effectiveness of induced hypertension in comparison to a control group. Gathier et al. [27] recently published the results of the only published randomised controlled trial to look at the effect of induced hypertension in patients with delayed cerebral ischaemia. Although the trial aimed to recruit 240 patients, due to slow enrolment and lack of effect on cerebral perfusion only 21 were randomised to the hypertension and 20 to the control group with no induced hypertension. In the treatment cohort, the MAP over the first 24 h was 11.1 mm Hg (95% CI 7.1-15.1 mm Hg), higher than in the control group. This dropped to 5.7 mm Hg (95% CI 4.2-8.5 mm Hg) over 72 h. A poor outcome, defined as a score of 4-6 on the modified Rankin Scale at 3 months, was seen in 12 of 21 (57%) patients in the treatment group and in 8 of 20 (40%) in the control group. With induced hypertension, the adjusted risk ratio was 1.0. Within the first 24 h of symptoms, 18 patients showed a clinical improvement (n = 12 [57%] in the treatment cohort and n = 6 [30%] in the control group) defined as any improvement in the Glasgow Coma Scale score or improvement of focal deficits. Five of the 12 patients with initial improvement after induced hypertension had a poor outcome at 3 months, whereas 0 of the 6 patients with initial improvement without induced hypertension had a poor outcome at 3 months. Perhaps most importantly, serious adverse events occurred in 11 of 21 patients (52%) in the induced hypertension cohort and in 5 of 20 (25%) of patients in the control group (risk ratio 2.1, 95% CI 0.9-5.0). This study, although small, is extremely important as it highlights that immediate clinical improvement may not result in long-term functional improvement and that hypertension carries a significant risk of associated complications. The authors state that induced hypertension may have a benefit in certain subgroups of patients with delayed cerebral ischaemia; however, they are uncertain which patients would benefit from hypertension. These comments are congruent with our own findings, which suggest that a multitude of factors are relevant in determining whether hypertension will sufficiently raise the blood flow to normal or near normal.
Another implication of this work is the effect it may have on the intra-arterial use of vasodilating drugs. The use of intra-arterial vasodilators in cases of medically refractory vasospasm is widespread. However, inappropriate use of these medications or angioplasty may result in a negative outcome [28] . Levitt et al. [29] recently published their experience of realtime assessment of angiographic perfusion after endovascular treatment for cerebral vasospasm. They demonstrated that cerebral blood flow was improved in all treated segments, but deteriorated in untreated segments. For example, in one case after treatment of the spasm in the M1 segment with balloon angioplasty, there was an increase in the cerebral blood flow in the MCA territory; however, there was a concomitant drop in the flow within the ACA territory, suggesting a steal phenomenon deviating blood into the MCA after treatment. Similarly, Shimamura et al. [28] recently published their case series of asymptomatic vasospastic patients treated with intra-arterial vasodilators. In three of the cases the vasodilators were injected in the ICA rather than in a superselective fashion, and the authors noted that patients rapidly went from being asymptomatic to symptomatic. The authors analysed the time density contrast curves of the pre-and posttreatment angiograms for the different intracranial arteries in order to determine the cause of this deterioration. They observed that the non-selective injection of vasodilators resulted in a relatively greater improvement of flow in the non-spastic artery and hence in an iatrogenic steal phenomenon that caused the deterioration of the patient. These results agree with our own modelling results, which show that in the presence of MCA spasm there is a slight increase in flow into the non-spastic ACA and therefore, if vasodilating drugs were injected via the ICA in a non-selective manner, they would flow preferentially into the non-spastic ACA, resulting in vasodilatation of this asymptomatic vascular bed and hence producing a greater blood flow steal from the symptomatic MCA territory. The clinical implication of the results published by both Shimamura et al. [28] and Levitt et al. [29] are the following: (1) The treatment of vasospasm must occur at the site of the vasospasm to prevent a positive reinforcement of the steal phenomenon, i.e., the treatment must be at the site of the vasospasm and not proximal. (2) If more than one territory is affected, then all the affected territories will potentially require treatment so as to prevent steal from occurring after the treatment of only one territory and the consequent deterioration of flow in adjacent vascular territories. Similarly, the use of vasodilating drugs can result in drops in blood pressure, and our results show that this results in drops in flow even in situations where the MAP is only mildly hypotensive (73 mm Hg), as was tested in our model.
Our modelling study appears congruent with these previously published clinical experiences. We believe that the results of this computational modelling analysis bring new elements into the understanding of the problem, as the groundwork on top of which the model has been built relies on solid physical laws that govern the circulation of fluids in deformable pipes. We have been able to demonstrate that although hypertension can improve blood flow in the presence of vasospasm, the results are extremely variable and dependent upon a variety of factors. The treatment of vasospasm should be directed at the site of vasospasm with either locally delivered vasodilators, balloon angioplasty, or stent angioplasty [30] [31] [32] , and as many of the affected vasospastic segments as possible should be treated in order to prevent worsening iatrogenic steal phenomenon. Although not shown, we also modelled the flow changes that occurred after restoration of calibre in the spastic MCA segment to replicate the effects of balloon or stent angioplasty. This, as expected, showed an improvement of flow; for example, in the case of 50% focal stenosis and of the ICA and MCA, dilatation of the MCA restored flow to the same degree as 50% ICA stenosis alone.
Limitations
The present study is based on computational simulations. The natural limitation is that the model does not correspond to a specific individual. However, the ADAN model has been largely verified to deliver consistent physiological and pathophysiological predictions in different contexts [3, 4, 33] . The lack of validation is without doubt a limitation, but we should note that validation of this kind of predictions is impossible with current technology because regional pressure and flow rate measurements are not available. In this regard, we strongly rely on the correctness of the mathematical/physical model to describe the flow of an incompressible fluid in compliant vessels. This, in turn, has been validated against experimental measurements as well as in controlled in vivo conditions [34] [35] [36] .
Conclusion
The results of our modelling study demonstrate that the cerebral blood flow, in the presence of cerebral vasospasm, varies considerably and is dependent upon the degree of vasospasm, whether the vasospasm is diffuse or focal, and the presence of collateral supply via the CoW. Hypertension can raise the blood flow, but it is unable to restore cerebral blood flow to baseline. The treatment of vasospasm should be targeted to the site of the vasospasm because of the potential to inadvertently cause an iatrogenic steal phenomenon.
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